The Ramachandran plot is a potent way to understand structures of biomolecules, however, the original formulation of the Ramachandran plot only considers backbone conformations. We formulate a new interpretation of the original Ramachandran plot (ϕ-ψ) that can include a description of the weaker interactions including both the hydrogen bonds and H---H bonds as a new way to derive insights into the phenomenon of peptide folding. We use QTAIM (quantum theory of atoms in molecules) to interpret the Ramachandran plot. Specifically, we show that QTAIM analysis permits identifying key regions of the Ramachandran plot without the need for massive data sets. A highly non-linear relationship is found between the QTAIM vector-derived interpreted Ramachandran plot and the conventional Ramachandran plot (ϕ-ψ) demonstrating that this new approach is not a trivial coordinate transformation. An investigation of both the backbone and the weaker bonds within the framework of the QTAIM interpreted Ramachandran plot was found to be in line with physical intuition. The least-preferred directions calculated for the hydrogen bonds and H---H bonds were found to coincide with the 'unlikely' regions of the Ramachandran plot.
Introduction
Recent years have seen advances in the understanding of the chemistry of protein structures and specifically protein folding based on both experimental and theoretical research [1] [2] [3] . Ramachandran, Sasisekharan and Ramakrishnan introduced a ground-breaking visualization scheme for protein structures in 1963 4 . The result of which was the creation of the Ramachandran plot (ϕ-ψ) based on the distribution of torsion angles φ and ψ of the peptide residues that comprise the backbone [5] [6] [7] , see Scheme 1. The overwhelming success of the Ramachandran plot (ϕ-ψ) is due to the convenience of the universal applicability to peptides due to the huge depth of experience with massive data sets using the Ramachandran plot (ϕ-ψ).
The Ramachandran plot (ϕ-ψ) partitions 'favored', 'allowed' and 'unlikely' regions defined by the ϕ and ψ torsion angle values in a protein 8 . Regions where the distribution of the φ and ψ angles peaks are defined to be 'favored' or 'allowed'. Conversely, 'unlikely' regions of the φ and ψ angles correspond to residues that experience steric clashes and hindrance due to the proximity of the constituent atoms 9, 10 . The presence of weaker interactions such as hydrogen bonds 11 and H---H bonds are important for biological 12 and chemical operations 13, 14 and are associated with the peptide residues that are indicated by the φ and ψ angle values in the 'unlikely' regions due to reduced steric hindrance. As mentioned previously, the Ramachandran plot (ϕ-ψ) is defined only in terms of the evaluation of the main chain conformations i.e. the backbone. The side chain residues however, must also be considered to account for the differences between folding arrangements for the same amino acid sequence within the Ramachandran plot (ϕ-ψ) formalism 15 . In this work we shall only be considering peptides with α-helix structure where the α-helix is defined as a secondary structure of the protein that is stabilized by hydrogen bonds between main chain amide and carbonyl group 16, 17 . Therefore, hydrogen bonding [18] [19] [20] [21] and H---H bonds 22 clearly play an important role in the stabilization of the peptide and typically occur between carbonyl and amide groups separated by four amino acids within the α-helix. Additionally, the important role of hydrogen bonding cooperativity [23] [24] [25] has been discussed recently to understand the secondary structures of peptides 26, 27 .
The main goal of this work is to formulate a new interpretation of the original Ramachandran plot (ϕ-ψ) that can include a description of the weaker interactions, including both the hydrogen bonds and H---H bonds as a new way to derive insights into the phenomenon of peptide folding [28] [29] [30] [31] .
In this exploratory work we investigate the extent to which analogous 'favored', 'allowed' and 'unlikely' regions can be created from the quantum theory of atoms in molecules (QTAIM) 32 without the need for massive data sets of structures. Instead, we will use indications from the vector character of QTAIM determined at the bond critical points. We undertake this investigation with a series of five lycosin conformers. Lycosin has in fact recently attracted increasing attention as it has been shown to be a promising candidate for the inhibition of tumor cell growth in vitro and in vivo 33 34 . The mechanism of this action is still under investigation. Because peptide conformations critically affect the cell penetrating and cytotoxic functions, theoretical insights gained based on the variation of their topology are likely to be useful.
Theory and Methods

The QTAIM BCP scalar descriptors; ellipticity ε and stiffness
We will use QTAIM 32 to identify critical points in the total electronic charge density distribution ρ(r) by analyzing ∇ρ(r). These critical points can further be divided into four types of topologically stable critical points according to the set of ordered eigenvalues λ 1 < λ 2 < λ 3 , with corresponding eigenvectors e 1 , e 2 , e 3 of the Hessian matrix. The Hessian of the total electronic charge density ρ(r) is defined as the matrix of partial second derivatives with respect to the spatial coordinates. These critical points are labeled using the notation (R, ω)
where R is the rank of the Hessian matrix, the number of distinct non-zero eigenvalues and ω is the signature (the algebraic sum of the signs of the eigenvalues); the (3, -3) [nuclear critical point (NCP), a local maximum generally corresponding to a nuclear location], (3, -1) and (3, 1) [saddle points, called bond critical points (BCP) and ring critical points (RCP), respectively] and (3, 3) [the cage critical points (CCP)]. The presence of
CCPs is associated with a resistance of a structure to being crushed 35 . In the limit that the forces on the nuclei become vanishingly small, an atomic interaction line (AIL) 36 becomes a bond-path, although not necessarily a chemical bond 37 . The complete set of critical points together with the bond-paths of a molecule or cluster is referred to as the molecular graph. For molecules and clusters the Poincaré-Hopf relation is expressed as:
where the four types of critical points; n, b, r, and c are given by the numbers of NCPs, BCPs, RCPs, and CCPs, respectively. The sum of the number of these critical points for a given molecular graph is referred to as the topological complexity ∑ brc . In this investigation we have closed- We define the stiffness, = |λ 2 |/λ 3 , where the larger the value of λ 3 the 'stiffer' the bond-path is, explained in terms of the contraction of ρ(r b ) away from the BCP toward the nuclei. The presence of the eigenvalue, λ 2 accounts for the direction of the preferred accumulation of charge density: e 2 and therefore the direction of the π-bond 38 .
The QTAIM interpreted Ramachandran plot
In recent investigations, the directional properties derived at from the total electronic charge density ρ(r b ) a BCP do not always move in accordance with the nuclei 38 . Instead, the resistance of the total electronic charge density ρ(r b ) to the deformation of the nuclear skeleton may depend on the electronic state or nature of the nuclei involved. To describe the deformation of a bond-path using the QTAIM we recently defined the {e 1 , e 2 , e 3 } bond-path framework as the set of orthogonal e 1 , e 2 and e 3 eigenvectors of the Hessian matrix for the two bonded nuclei that comprised the torsional bond-path 39 , see Scheme 2 which explains the definition of the response β. The response β is defined as:
Where y is a reference vector of unit length along the Y axis. Recently, we demonstrated that the eigenvectors e 2 and e 1 were the most and least preferred directions of torsion respectively using the photo-isomerization of the retinal chromophore subject to a torsion -ϕ or +ϕ 40 . In this recent work the response β of the total electronic charge density ρ(r b ) to torsion about a pivot-BCP was introduced for different electronic states of the fulvene molecular graph 41 . Therefore, the response β relates to the degree of detachment of the {e 1 , e 2 , e 3 } framework from the containing nuclear skeleton. Smaller values of β indicate a greater degree of alignment of the {e 1 , e 2 , e 3 } framework with the containing nuclear skeleton or peptide backbone. Conversely, larger values of β indicate a greater degree of detachment of the {e 1 , e 2 , e 3 } from the containing nuclear skeleton. For this work, unlike the earlier work on fulvene, we are not concerned with applied torsions α to the nuclear skeleton and so cannot directly associate the response β with the presence of double bond or single bond character. Instead, we can associate low values of the ellipticity ε with a greater sensitivity of β to changes in a molecular graph and conversely, higher values of the ellipticity ε with a reduced sensitivity of β. In this work we will refer to the response β as the most preferred (eigenvector) to distinguish it from the least preferred response β
In earlier work we showed for the axel bond that linked the two rings in biphenyl that there was a symmetrical dependence on the variation of the e 1 defined basin path set area with an applied torsion α 42 . No such symmetrical dependency was found for the e 2 defined basin path set area, i.e. the dependency was asymmetric due to the existence of a preferred sense of torsion for the e 2 defined basin path set area.
For the closed-shell BCPs we chose the stiffness in favor of the ellipticity ε because, unlike for the backbone shared-shell BCPs, the ellipticity ε does not serve to act as a classifier on the basis of high, i.e. > 0. 25 The creation of the conventional Ramachandran plot (ϕ-ψ) uses torsion angles (ϕ-ψ) of the backbone nuclear skeleton, therefore it seems to be worth pursuing the idea of the response β that also measures the similar angular detachment of the {e 1 , e 2 , e 3 } framework to create a QTAIM interpretation of the Ramachandran plot Where n = n 1 and n = n 2 for ϕ and ψ respectively. For the backbone shared-shell-BCPs will also use equation In this work, we have a limited data set; only five lycosin peptides and consequently the resulting QTAIM interpretation of the Ramachandran plot (ϕ-ψ) will not contain sufficient data points to map, with confidence, the boundaries of 'favored', 'allowed' and 'unlikely' regions. From QTAIM it should be possible to explicitly create the 'favored', 'allowed' and 'unlikely' regions to form an analogous Ramachandran plot. 
Computational Details
The initial structures of the five lycosin peptide conformers were generated by PEP-FOLD [43] [44] [45] . The lowestenergy structures from PEP-FOLD were used as the initial structures for MD simulations; we confirmed that the lowest-energy PEP-FOLD structures were also lowest-energy in DFTB simulations. The MD simulations were performed at 300K with the CHARMM force field [46] [47] [48] in the NAMD code 49 for 10ns starting from the lowestenergy PEP-FOLD generated structure. Visually different conformers were selected along the trajectory for optimization with the self-consistent charge density functional tight binding (SCC-DFTB) method 50 . The SCC-DFTB calculations were done with the DFTB+ code 51 . The 3ob-3-1 parameter set was used using the DFTB3 capability 52, 53 . The dispersion interactions were modeled with the UFF scheme 54 . Single-point DFT calculations
were then performed on DFTB-optimized structures using the Gaussian 09 software 55 . The B97XD exchange correlation functional 56 was used to account for any long-range interactions, with the 6-31+g 57 basis set. For the purpose of this work, the density calculations were performed in vacuum, therefore MD (whose sole purpose is to help identify candidate local minima structure) calculations were also performed in vacuum and DFTB and DFT calculations were done on neutral molecules without protonation/deprotonation of amino and carboxylic groups (i.e. -COOH and -NH 2 were used rather than -COO -and -NH 3 + ). The QTAIM analysis was performed with the AIMAll 58 suite. AIMAll constructs total charge density distributions ρ(r) based on orbital coefficients imported from Gaussian 09: in principle, any method providing total charge density distributions ρ(r) would be suitable for QTAIM analysis. DFT or its approximations such as DFTB place a wide range of sizes of biologically relevant peptide structures within the limits of current or near-future computational resources. In our case, the system size was amenable to DFT calculations in Gaussian and DFT total charge density distributions ρ(r) were therefore used.
Results and discussions
In this section, we provide a listing of all the figures, tables and Supplementary Materials before the discussion in section 4.1 and section 4.2. The molecular graphs corresponding to the five lycosin peptide structures, lycosin-01, lycosin-02, lycosin-03, lycosin-04 and lycosin-05 are provided in Figure S1 of the Supplementary Materials S1. The summary of the QTAIM topologies of the lycosin-01, lycosin-02, lycosin-03, lycosin-04 and lycosin-05 molecular graphs along with the corresponding relative energies ΔE are given in Table 1 
The QTAIM topology and the closed-shell BCPs
The conventional Ramachandran plot (ϕ-ψ) does not include a consideration of the closed-shell BCPs, therefore in this section we consider the closed-shell BCPs, see Supplementary Materials S2. For the five lycosin conformers there are differences in the QTAIM topologies, i.e. the numbers of BCPs (b), RCPs (r) and CCPs (c) as well as the sum of these critical points for each conformer, referred to as the topological complexity ∑ brc , see Table 1 . The number of CCPs comprising each molecular graph is the reason that the tube-like appearance corresponding to the α-helix is visible for lycosin-01, lycosin-03, lycosin-04 and lycosin-05 but not for lycosin-02, the most energetically unstable structure, see Table 1 . This is because the lowest numbers of CCPs comprising the lycosin-02 molecular graph indicate that the structure is the most crumpled. For lycosin-05, the most energetically stable structure, the linear helix structure is folded by the particular positioning of 'sticky' hydrogen bond H--O BCPs i.e. possessing a degree of covalent character H(r b ) < 0, see Figure 1 (e). The topological complexity Σ brc and relative energy ΔΕ (computed with DFT/ωB97XD/6-31+g) for the molecular graphs of the five conformers of lycosin, see Figure S1 . The α-helix structure lycosin peptide with the twenty four amino acid sequence RKGWFKAMKSIAKFIAKEKLKEHL 34, 59 . In 
Molecular graph
this section we focus on the preferred response angles (β ϕ , β ψ ), for the H--O BCP, H---O BCP and H---H BCPs closed-shell BCPs, see Figure 2 colored mapped to the stiffness , respectively. It can be seen that
Towards a QTAIM interpretation of the Ramachandran plot (ϕ-ψ) for peptide folding
Another weakness of the Ramachandran plot (ϕ-ψ), apart from not considering weak interactions, see section 4.1, is the inability to correctly characterize the secondary structure. This can be seen by comparing the sense of rotation of the helix in each structure and the existence of data points in the left-hand α-helix region of the 
Materials.
It can be seen from the conventional Ramachandran plot (ϕ-ψ), as expected data points are most highly clustered around ϕ = -60º and ψ = -50º 63 for lycosin-05 peptide, the global energy minimum structure, see 64 , the lycosin-02 peptide has four such data points. We suggest data points in the region of stability of the beta-sheet indicates the presence of a degree of beta-sheet character in these five α-helix structured peptides.
The greater number of points indicating beta-sheet character present for the lycosin-02 peptide structure may explain the greatest energetic instability of the lycosin-02 peptide.
These trends towards the least and most clustering around ϕ = -60º and ψ = -50º for the least (lyosin-02) and most (lyosin-05) energetically stable structures are also reflected in clustering of data points on the backbone QTAIM interpreted Ramachandran plot (β ϕ ,β ψ ) in the region β ϕ = -60º and β ψ = -50º, see Figure 3 (a) and In Figure 3 we focus on the ellipticity ε and not the equivalent plots color mapped to the stiffness which can be found in the Supplementary Materials S4, because the ellipticity ε better reflects the differences in the 'bond-torsion' central to the construction of the Ramachandran plot (ϕ-ψ). The relationship between the data points on the conventional Ramachandran plot (ϕ-ψ) and the most preferred response (β ϕ ,β ψ ) however, is non-linear, this can be seen by comparing each of the sub-figures of Figure 3 with the corresponding sub-figures of
Supplementary Materials S2.
The symmetry of the distribution of data points on both the most preferred response (β ϕ ,β ψ ) and the least preferred response (β 
(c).
Comparison with the dark blue squares on the conventional Ramachandran plot (ϕ-ψ) indicates a correspondence with the regions of beta-sheet stability close to the 'allowed' regions, the brown and black square correspond to the 'allowed' and 'unlikely' regions respectively, see Supplementary Materials S2.
Higher values of the ellipticity ε tend to correspond to lower values preferred response |β ψ |, i.e. an increased degree of alignment of the bond-path framework with the peptide backbone as determined by values of β ψ closer to β ψ = 0.0º, see the red data points in Figure 4(d) . Conversely, no such correlation present between the ellipticity ε and the preferred response β ϕ . Higher values of the ellipticity ε also correspond to the 'favored' regions of the Ramachandran plot, consistent with higher double bond character, this can be seen by a process of elimination; none of the red data points are highlighted by squares corresponding to data points falling in the 'unlikely' and 'allowed' regions respectively. show the QTAIM 'allowed' region from QTAIM from (a), the undecorated pluses, orange and pale blue squares correspond to the right handed α-helix, the left-handed α-helix and beta sheet regions of the Ramachandran plot (ϕ-ψ) respectively are given sub- figure (b) , see also Supplementary Materials S2. The black, brown and dark blue square indicate the 'unlikely', 'allowed' and regions close to beta-sheet character from the conventional Ramachandran plot (ϕ-ψ) respectively are added to sub-figure (c), the approximate QTAIM 'unlikely' regions are indicated by the with blue rectangular regions, are given in sub- figure (c) . The plot of the responses (β ϕ ,β ψ ) with the distribution of the ellipticity ε is given in sub-figure (d) . The raw distribution of the data for the five lycosin peptides from the Ramachandran plot (ϕ-ψ) with the 'favored', 'allowed' and 'unlikely' regions omitted is provided for comparison in sub-figure (e), the individual plots provided in Supplementary Materials S2. The plot of the distribution of ψ from the Ramachandran plot against the response β ψ is given in sub-figure (f). The corresponding plot for ϕ against β ϕ is given in sub-figure (g).
for the five lycosin peptide conformers of the least preferred response (β * ϕ ,β * ψ ) and is presented in Figure 4(a) , notice the highly localized distribution of data points. This localized region; 60.0º ≤ (|β ϕ |,|β ψ |) ≤ 90.0º, occupied by (β * ϕ ,β * ψ ) defines the 'allowed' regions on the QTAIM interpreted Ramachandran plot (β ϕ. ,β ψ ) and is indicated by the pale blue squares along with the data from the α-and beta-sheet regions as determined by the Ramachandran plot (ϕ-ψ), see Figure 4(b) . Analogously, we also map the QTAIM 'unlikely' regions using Figure S1 . The molecular graphs of the five lycosin peptide structures, lycosin-01, lycosin-02, lycosin-03, lycosin-04 and lycosin-05 are presented in sub-figures (a)-(e) respectively. The green, small red and small blue spheres represent the bond critical points BCPs, ring critical points RCPs and cage critical points CCPs, respectively. For a summary of the QTAIM topology and relative energies ΔΕ see Table 1 . 
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